BACKGROUND: Hypoperfusion is associated with hyperfibrinolysis and early death from exsanguination, whereas tissue trauma is associated with hypofibrinolysis and delayed death from organ failure. We sought to elucidate the effects of injury patterns on fibrinolysis phenotypes using a nonhuman primate (NHP) model.
H
emorrhage is the leading cause of potentially preventable death in military 1 and civilian trauma. 2 Coagulopathy is present in 20% to 40% of trauma patients after severe injury and associated with a fourfold increase in mortality. 3 Traumainduced coagulopathy (TIC) has been shown to increase with Injury Severity Score (ISS) from 10.8% (ISS < 14) to 33.1% (ISS > 15) and 61.7% (ISS > 45). 4 Although progress has been made in understanding and treating dysregulation of the coagulation system in response to trauma, recent discoveries have generated a number of hypotheses addressing the mechanisms responsible for TIC. 5 Although the majority of work related to TIC has focused on impairment of clot formation, abnormalities of clot degradation (i.e., fibrinolysis) have also been associated with increased mortality in trauma and sepsis. 3, [6] [7] [8] Hyperfibrinolysis (i.e., excessive clot degradation) is associated with early death from exsanguination, 9 ,10 whereas impaired fibrinolysis (i.e., fibrinolysis shutdown) is associated with delayed death due to organ failure. 6, 11 Hypoperfusion is associated with hyperfibrinolysis through reduced plasminogen activator inhibitor-1 (PAI-1) 3 via overwhelming tissue plasminogen activator (tPA) release. 12 An initial report by Schöchl et al. 13 suggested fibrinolysis was provoked by tissue injury, but subsequently, hyperfibrinolysis was found to be independent of tissue injury because it is common in patients with nontrauma-related cardiac arrest. 14 On the other hand, a cohort of trauma patients exhibiting fibrinolysis shutdown had increased mortality associated with organ failure. 6 Moreover, tissue injury has not been shown to promote fibrinolysis in rodents and swine and may, in fact, stimulate fibrinolysis shutdown. 15, 16 Recent advances in human cell/ tissue-derived therapeutics (e.g., infusible human plateletderived hemostatic agents [hPDHA] ) have necessitated preclinical evaluations in a nonhuman primate (NHP) model due to xenogeneic compatibility, 17 thus, a more thorough examination of coagulation system function in NHPs is prudent. Although high-fidelity studies can be conducted in lower-order species, such as rats and swine, there is great variability between species. For example, swine exhibit intrinsic hypercoagulation and lack of a hyperfibrinolytic response, thus justifying doing experiments with NHP, which more accurately reflect human response to injury. Furthermore, swine exhibit an hypercoagulable state, even in response to surgical catheter placement (i.e., sham animals). Additionally, xenogeneic incompatibility between swine models and PDHA has been demonstrated in one study that resulted in lethal pulmonary artery thrombi formation, thus hampering the evaluation of hPDHA in swine and necessitating xenogeneically compatible models.
NHPs (e.g., rhesus macaques) represent a viable species for evaluation of human-derived therapeutics for trauma, however, there is currently a paucity of information in the literature with regard to NHP coagulation system function and fibrinolysis phenotypes in response to trauma. The variability of the fibrinolytic response among different species becomes increasingly important not only in the understanding of the coagulation response but also when using the animal model for evaluations of human derived therapeutics. Additionally, a deeper understanding of the fibrinolytic mechanism in response to trauma in the NHP may provide insight to optimal use of anti-fibrinolytic therapy with tranexamic acid, as well as the development of novel therapeutic strategies to attenuate fibrinolysis inhibition. Therefore, we sought to elucidate the effects of injury pattern on clotting fibrinolysis in response to hemorrhage and multiple injuries in a NHP model and hypothesized that the addition of tissue injury to hemorrhagic shock (HS) would promote a state of impaired fibrinolysis.
MATERIALS AND METHODS

Ethical Approval and Accreditation
The study protocol was approved by the Institutional Animal Care and Use Committee at the 711th Human Performance Wing, Joint Base San Antonio-Fort Sam Houston, and conducted in accordance with the Guide for the Care and Use of Laboratory Animals, Institute of Laboratory Animals Resources, National Research Council, National Academy Press, 2011. All procedures were performed in facilities accredited by the Association for Assessment and Accreditation for Laboratory Animal Care International.
Preoperative Preparation
Rhesus macaques (n = 24) weighing 7 to 14 kg were housed in compliance with the Secretary of the Navy Instruction (SECNAVINST) 3900.38C regulations. Feed was withheld 12 hours before surgery. Immediately before each procedure, animals were sedated and anesthetized as described below, transported to the operating room, surgical sites were sheared and cleaned with chlorohexidine, and animals were draped to create a sterile surgical field. 
Anesthesia and Analgesia
Arterial and Venous Line Placement
The right femoral artery was cannulated with a SIL-C70 silicone catheter (Solomon Scientific, Skokie, IL) to facilitate blood sampling and invasive, continuous blood pressure monitoring using the Datex Ohmeda Cardiocap/5 patient monitor (General Electric Co., Fairfield, CT). The right femoral vein and left femoral artery were cannulated with a 14-gauge large bore catheter (Jorgensen Laboratories, Loveland, CO) for intravenous resuscitation fluid infusion and to facilitate hemorrhage, respectively. At no point in the study was heparin used to flush catheters nor were the catheters heparin-lined. To maintain patency, catheters were filled and periodically pulsed with small volumes (<1 mL) of 0.9% NaCl, normal saline (NS).
Soft Tissue and Musculoskeletal Injury
After baseline (BSLN) blood samples were drawn, a 10-minute "injury window" was used in all groups to standardize procedure times for soft tissue and musculoskeletal injuries. Within this time frame, the randomly assigned additional tissue injury, was produced (Fig. 1) .
Soft tissue injury was created by a 15-cm midline laparotomy incision spanning from the xiphoid process toward the Figure 1 . Procedure summary. Figure 1 summarizes the overall sequence of events that occurred in each study as described in full detail in Materials and Methods.
umbilicus. The laparotomy incision remained open during the shock period and was closed in two layers (fascia and skin) with continuous sutures during the resuscitation phase.
The musculoskeletal injury was created on the left leg using a longitudinal 5 cm incision spanning the anterior midto distal-femur followed by blunt dissection to separate muscle and muscle insertions from a 4-cm span over the mid-femur. An oscillating power bone saw was used to transect the femur, gauze was placed in the wound for blood collection and the skin incision was closed with staples. During the resuscitation phase, the gauze was removed and weighed to quantify blood loss, the femur was approximated and stabilized with steel plates and screws, and the incision closed in two layers (fascia and skin) with sutures.
Pressure-Targeted Controlled HS
Hemorrhage was initiated by opening a stopcock in-line with the left arterial catheter allowing free-flow of blood until the mean arterial pressure (MAP) reached 20 mm Hg. This moment marked the beginning (T = 0 minute) of the shock period, additional blood was withdrawn as needed to maintain a MAP of 20 to 24 mm Hg until the end-of-shock (EOS) (T = 60 minutes). Blood was collected in a standard donor bag containing anticoagulant citrate dextrose solution-solution A (ACDA-A) at a 1:10 ratio for subsequent use in resuscitation.
Fluid Resuscitation
At T = 60 minutes blood samples were collected and animals were then resuscitated with NS, 2Â shed blood volume [SBV]) infused over 30 minutes, followed by whole blood (50% SBV) infused over 30 minutes, and then 1Â SBV of NS over 60 minutes. This resuscitation protocol, standardized to blood loss, was adapted from previous studies and used uniformly across all animals to minimize overall imbalance in terms of variability in volume resuscitation relative to blood loss and animal weight. 18, 19 An end-of-resuscitation (EOR) blood sample was collected at T = 180 minutes, and animals were monitored under anesthesia until T = 360 minutes.
Laboratory Analyses
Arterial blood samples were collected at scheduled intervals throughout the study: BSLN, T = 60 minutes (EOS), T = 180 minutes (EOR), and T = 360 minutes. Each blood sample was collected for whole blood analyses of viscoelastic clotting properties by rotational thromboelastrometry (ROTEM Delta system; TEM Systems Inc., Durham, NC), and plasma coagulation analyses (STAGO STA Compact; Diagnostica Stago Inc, Parsippany, NJ), complete blood cell counts (HemaTrue, HESKA, Loveland, CO), serum chemistries (DRI-CHEM 7000, HESKA), and arterial blood gas (ABG) (GEM Premier 4000, Instrumentation Laboratory, Bedford, MA). All samples were processed consistently throughout the study and in accordance with the manufacturer's recommendations per each device. All readouts were obtained from fresh whole blood, with the exception of STAGO analyses, which were conducted on frozen plasma samples stored at −80°C until analysis.
Plasmatic coagulation (STAGO) analyses included: prothrombin time (PT), partial thromboplastin time and concentrations of antithrombin-III, fibrinogen, D-Dimer, and von Willebrand factor. ROTEM analyses included evaluation of extrinsic coagulation pathway function (EXTEM) and fibrin clotting (FIBTEM). Clotting time, α angle, maximum clot firmness (MCF), and 30-minute, 45-minute, and 60-minute lysis index values (LI30, LI45, and LI60, respectively) were evaluated for EXTEM and FIBTEM.
In vitro studies were conducted using healthy rhesus macaque donor plasma to verify the sensitivity of the D-Dimer assay in NHP samples using tPA-induced fibrinolysis. Blood from eight healthy male rhesus macaques was collected and centrifuged twice at 3,000g for 10 minutes to collect plasma, then stored in 1 mL aliquots at −80°C until used. On the day of analysis, sample aliquots were rapidly thawed at 37°C in a water bath. Each aliquot was split for parallel analyses of fibrinolysis (D-dimer; STA-Liatest D-DI plus; Diagnostica Stago Inc.) analyzed on the STAGO STA-R Evolution coagulation analyzer (Diagnostica Stago, Inc.), and fibrin clot lysis (LI30, LI45, and LI60; ROTEM Delta system, TEM Systems Inc.). For assessment of D-dimer formation, each aliquot was induced to clot with the introduction of 15 mM CaCl 2 and a mixture of tissue factor and phospholipid (Dade Innovin, Siemens Medical Solutions USA Inc., Malvern, PA; diluted 1:5,000) alongside a dose of human tPA (EMD Millipore, Billerica, MA) of either 0, 62.5, 125, or 250 pg/ml. After 5 minutes at 37°C, clotted samples were centrifuged at 1,0000g for 4 minutes, serum was collected, and D-dimer was quantified immediately. Clot lysis index via thromboelastometry (i.e., LI30, LI45, and LI60) was measured by mixing an aliquot of plasma with tPA (0, 62.5, 125, or 250 pg/mL) and analyzed with both EXTEM and APTEM tests.
Randomization and Blinding
Before each study, NHPs were randomized by drawing animal identification numbers and assigning them to one of three predetermined, injury pattern protocols (n = 8/group): 60 minutes of severe pressure-targeted controlled HS; HS + soft tissue injury (HS+); or HS + soft tissue injury + femur fracture (HS++). Hematologic assays were performed by research assistants blinded to the injury pattern utilizing instrumentation located in as separate laboratory space within the facility to which samples were transported.
Statistical Analysis
Statistical analyses were performed using Prism 6 (GraphPad Software, Inc., La Jolla, CA). Multiple time-point outcomes were analyzed by two-way analysis of variance with Bonferroni correction for multiple comparisons tests within and among groups. A p value less than 0.05 was considered to be statistically significant. All data are reported as mean ± SEM.
RESULTS
Survival, Blood Loss, Vital Signs, and Hematologic Parameters
All animals survived until T = 360 minutes. Blood loss was equivalent among injury groups and averaged 53 ± 2% of their estimated blood volume. Blood volume in milliliters was estimated by the equation: [animal weight (kg) x 0.054 (rhesus macaque blood volume is 54 ml/kg body weight). There were no BSLN differences among groups and all groups exhibited equivalent alterations from BSLN in: MAP, heart rate, core body temperature, hematocrit, platelet count, pH, lactate, bicarbonate, base excess, and arterial partial pressures of oxygen (PaO 2 ) and carbon dioxide (PaCO 2 ) ( Table 1) . At BSLN, MAP averaged 61 ± 4 mm Hg (n = 24) and following initiation of hemorrhage MAP was rapidly (134 ± 33 sec (n = 24)) reduced and maintained at 20-24 mm Hg, representing a~60-65% decrease in MAP. After resuscitation and throughout the remainder of the study, MAP pressure values were restored to BSLN values and equivalent among all groups. Although differences from BSLN values were observed within groups, no differences among groups were observed in any of the measured parameters presented in Table 1 .
Plasma Coagulation
PT increased from BSLN in the HS group only at T = 360 minutes (15.3 ± 0.5 vs. 21.9 ± 5.3 sec) respectively), while partial thromboplastin time and von Willebrand factor did not change from BSLN values at any time point in any group ( p > 0.05). Fibrinogen was reduced and equivalent in all groups at all time-points (p < 0.05), with the lowest average level at EOR of 123.5 ± 3.9 mg/dL (n = 24) compared to a BSLN value of 179.1 ± 4.9 mg/dL (n = 24). Compared to BSLN values, AT III was reduced at EOR in the HS group (87 ± 3 vs. 66 ± 3%) and the HS++ group (82 ± 4 vs. 61 ± 3% respectively); and this reduction was sustained at T = 360 minutes in the HS group (69 ± 3%; p < 0.05). D-dimer was elevated threefold in the HS group at EOR and in all groups by T = 360 minutes (Fig. 2) . The calculated D-dimer to lactate ratio (p < 0.05; Fig. 3 ) was twofold higher in the HS group compared to the HS+ and HS++ groups at EOR.
Thromboelastometry
Clotting time, α angle, and MCF in the ROTEM EXTEM and FIBTEM tests did not change from BSLN values and were equivalent among groups throughout the study with few Values for MAP, heart rate, core body temperature, hematocrit, platelet count, pH, blood lactate, bicarbonate, base excess, and arterial partial pressures of oxygen (PaO 2 ) and carbon dioxide (PaCO 2 ) for the HS, HS+, HS++ groups are shown. Data presented as mean ± SEM. No differences among groups were observed throughout the study.
*Statistically significant differences (p < 0.05) from BSLN values within each group.
exceptions (see Table, Table, Supplemental Digital Content 2, http://links.lww.com/ TA/A887) thromboelastometry clot lysis, compared to BSLN values, EXTEM LI30 was higher in the HS group at T = 360 minutes (p < 0.05), but was not significantly different among groups throughout the study. Compared to the HS+ and HS++ groups in which no lysis was observed, the HS group exhibited significantly more lysis in FIBTEM LI30 and LI45 at EOR ( p < 0.05), and FIBTEM LI60 at T = 360 minutes (p < 0.05; SDC 2; Fig. 4 ).
In Vitro tPA-Induced Fibrinolysis
Healthy rhesus macaque donor plasma response to tPA was tempered; D-dimer was observed to increase monotonically with tPA dose, but significant differences between groups were only observed at the highest concentration (250 pg/mL; p < 0.01 versus other concentrations; Fig. 5A ). Similarly, clot lysis was only observed at 250 pg/ml tPA in EXTEM assay measurements of LI30, LI60, and LI90 (p < 0.001; Fig. 5B ), no lysis was observed in APTEM assays.
DISCUSSION
The current study demonstrates that the addition of tissue injury to HS promotes a fibrinolysis shutdown phenotype in NHPs. The earlier elevation in D-dimer and increased lysis (versus no lysis) observed in the FIBTEM lysis tests in the HS group, compared to the HS+ and HS++ groups, indicate that soft tissue and musculoskeletal injuries inhibit the fibrinolytic process. The current findings are supported by a simplified assay described by Hartemink et al. 7 in that NHPs with tissue injury in addition to HS have suppressed ratios of D-Dimer to lactate compared to animals with HS alone. Clinically, the diagnosis of fibrinolysis by ROTEM has been made based on the tissue factor-based EXTEM test. 13 In the current study, differences in fibrinolysis were detected by FIBTEM, but not EXTEM, suggesting that platelets contribute to fibrinolysis resistance as has been previously reported. 20 Additionally, impaired platelet function has been correlated to increased sensitivity to tPA. 21 Furthermore, there is evidence that FIBTEM, and its thromboelastography (TEG) correlate, namely, functional fibrinogen, detect clot lysis sooner than the EXTEM test 22 and increased sensitivity to hyperfibrinolysis has been shown in the FIBTEM versus EXTEM test in patients undergoing liver transplant. 23 Therefore, in the current study, it is plausible that the resistance to fibrinolysis observed was in part mediated by platelet function, and that cytochalasin-D-mediated platelet inhibition in the FIBTEM assay revealed differences in fibrinolytic activity among injury groups.
Several investigations have elucidated the underlying mechanisms and treatment of hyperfibrinolysis; however, few studies have examined the mechanisms underlying the fibrinolysis shutdown phenotype in trauma. 6, 7, 9, 10, 15, 16, 21 Previous work in rats has revealed an innate resistance to tPA-mediated fibrinolysis, which is decreased after HS but increased with tissue injury. 16 This is further supported in a swine model of a severe blast injury which produces a hypercoagulable state rather than a bleeding coagulopathy. 15 Furthermore, in a clinical study evaluating trauma patients within 12 hours of injury, 63% of trauma patients with an ISS greater than 15 exhibited fibrinolysis shutdown which was associated with an almost sixfold increase in mortality rate compared to patients with physiologic fibrinolysis. 6 Interestingly, in that study, the difference in TEG LY30 values was only 3% between patients that exhibited hyperfibrinolysis and patients that exhibited fibrinolysis shutdown phenotypes. Yet this stratification, based on such seemingly subtle differences in lysis, was associated with a higher frequency of organ failure-related mortality in the fibrinolysis shutdown phenotype, and a high frequency of hemorrhagerelated mortality in the hyperfibrinolysis phenotype. 6 In a more recent multicenter analysis of 2,450 injured patients, using the same LY30 parameters to define fibrinolysis phenotypes, fibrinolysis shutdown was confirmed as the most common phenotype, and associated with 100 more deaths than patients with hyperfibrinolysis. 8 That study also indicated that patients with blunt trauma were more likely to have a shutdown phenotype. In our animal study, the observed alterations in the magnitude of fibrinolysis were also subtle yet corroborate previous reports that increasing the extent of tissue injury promotes fibrinolysis shutdown. At the time of writing this report, we are not able to meaningfully stratify our animals into the three distinct fibrinolysis phenotypes previously reported clinically largely due to: limited number of animals/observations (i.e., n = 24 to date) and variability inherent to an outbred larger animal model. Further hampering efforts to stratify animals based on fibrinolysis phenotypes is that, despite the severity of HS and extent and range of tissue injuries used in the current study, it appears the NHP coagulation system exhibits a high degree of resilience to fibrinolysis, as reflected by the relatively uniform alterations in coagulation parameters observed among groups in the in vivo studies, as well as in the in vitro assessments of tPA-mediated fibrinolysis in plasma samples collected from healthy donor rhesus macaques.
Although the exact mechanisms by which fibrinolysis is regulated in response to various injury patterns are not well understood, a growing body of evidence implicates blood cells, namely, erythrocytes (red blood cells [RBC] ) and thrombocytes (platelets). In trauma patients exhibiting hyperfibrinolysis, elevations in RBC degradation products were also identified. 24 In an in vitro study in which blood from healthy donors was used, tPA increased fibrinolysis, tPA with RBC lysate augmented fibrinolysis threefold more than tPA alone, whereas platelet lysate was shown to inhibit tPA-mediated fibrinolysis. 20 Additionally, platelet microparticles, which are abundant in plasma, express surface phosphatidyl serine which has been shown to elicit procoagulant effects in vitro. However, in vivo, phosphatidyl serine only exerts procoagulant effects in the presence of procoagulant enzymes, as would be the case in the circulating blood of patients after major trauma. 25 Furthermore, human platelets produce and store large quantities of active PAI-1 in α-granules, and platelet derived PAI-1 has been shown to account for 50% of PAI-1 activity in circulation. 26, 27 It should also be noted that the endothelium is a source of PAI-1 and may play an important role in local regulation of fibrinolysis. In trauma patients exhibiting a hyperfibrinolytic phenotype, circulating free tPA concentrations are approximately 50 ng/mL, whereas in patients exhibiting a fibrinolysis shutdown phenotype free tPA levels were undetectable due to elevations in PAI-1 and formation of tPA-PAI-1 complex. 21 Another mechanism by which platelets have been shown to inhibit fibrinolysis is through the secretion of inorganic phosphate polymers (polyP). 28 Human platelet dense granules contain substantial amounts of polyP, which are secreted upon platelet activation and regulates blood clotting by activating the contact pathway and promoting the activation of factor V. 29 Additionally, polyP has been shown to directly modify fibrin network architecture and downregulate fibrinolysis by attenuating binding of tPA and plasminogen to fibrin; however, this effect has been shown to be effective only when polyP is incorporated into the fibrin network at the time of formation. 30, 31 Given the central role of platelets in the cellbased model of coagulation, 32 platelet contributions to the regulation of fibrinolysis warrant further investigation.
With the recent interest in antifibrinolytic therapeutics, such as tranexamic acid, especially in the context of trauma where diverging phenotypes have been documented and have been shown to be time-dependent, a deeper understanding of the innate mechanisms that regulate fibrinolysis is prudent to more effectively guide treatment. 33 Understanding whether the mechanisms of action for various antifibrinolytic agents involves inhibition of fibrinolytic enzymes or modification of the fibrin architecture at the time of formation will further refine the development of therapeutics and clinical indications for their use.
Although these data are consistent with previous animal work, the type and degree of injury patterns used did not elicit alterations in coagulation as robust as those observed clinically in severe trauma patients. 4 This may be due to a natural resilience of NHPs to severe hemorrhage and traumatic injury indicating some degree of inconsistency between species. Despite profound hemodynamic shock in these NHPs, lactate levels did not exceed 3.3 mmol/L and the greatest decrease in base excess from BSLN values observed in the study was at EOR (−7.5 ± 0.3 mmol/L; n = 24); this relatively mild metabolic effect may additionally contribute to the relatively mild overall effects in coagulation function observed. The MAP target for the current study was based on MAP values observed in a previous study by our group in which an average nadir in MAP of 21 mm Hg was observed within 5 minutes of initiating uncontrolled hemorrhage via liver transection. 17 Additionally, some of the observed differences may be attributed to the need for anesthesia before injury and shock and indeed the surgical manipulations themselves. Surgical placement of vascular catheters alone provoke a hypercoagulable state in healthy male swine similar to that observed in animals exposed to HS and multiple injuries. 34, 35 Furthermore, surgery has been shown to elicit physiologic and coagulation responses similar to those observed in trauma clinically as postoperative fibrinolytic shutdown mediated by elevated PAI-1 has been reported. 36, 37 Though the present study corroborates fibrinolysis shutdown in response to tissue trauma in the setting of severe HS, in-depth quantification of several markers of interest (e.g., tPA, PAI-1, tPA-PAI-1 complex, Protein C, and polyP) could not be performed. Additional studies to include assay refinement for use in NHPs and animal model variations to expand capabilities and more closely replicate the clinical scenario to more comprehensively assess coagulation function and the role of platelets are needed.
In summary, the constellation of observations of tissue injury causing fibrinolysis shutdown is consistent with previous animal and clinical reports. Given the documented clinical relevance and promising implications of improved detection and management of fibrinolysis phenotypes in trauma patients, additional assessments to more comprehensively evaluate the mechanisms underlying the fibrinolytic shutdown phenotype in response to varying injury patterns are warranted. AUTHORSHIP A.R.M. was involved in conduction of study, data analysis and interpretation, and composition of the article. H.B.M. contributed to data interpretation, literature review, and critical revisions. A.P.C. contributed to data interpretation and critical revisions. M.A.M. contributed to data acquisition, interpretation, and critical revisions. E.E.M. contributed to data interpretation, critical revisions, and study design. F.R.S. was involved in conduction of study, interpretation of data, and critical revisions. 
